The nuclear spin dependence of the chemical reaction H + 3 + H 2 → H 2 + H + 3 has been studied in a hollow cathode plasma cell. Multipass infrared direct absorption spectroscopy has been employed to monitor the populations of several low-energy rotational levels of ortho-and para-H
I. INTRODUCTION
The most abundant element in the universe is hydrogen, and consequently it can be argued that the chemistry and physics of hydrogenic species are the most important on a universal scale. Moreover, as the simplest of the elements, hydrogen has often been used as the benchmark species for testing computational techniques in quantum mechanics. Even with the impressive body of work accumulated about hydrogen, some areas are still undergoing active study.
One such area is the chemical physics of ion-molecule reactions. Hydrogenic ion-molecule reactions are excellent candidates for comparison of theoretical methods with experimental results. The simplest of these, the reaction of H + with H 2 , has been extensively studied (see Jambrina et al. 1 and references therein), as has the simplest bimolecular reaction, H + 2 + H 2 . 2, 3 In each of these cases, fully quantum reactive scattering calculations are still quite challenging, but statistical models and/or semiclassical calculations have been shown to agree reasonably well with experimental measurements.
The next member in this series is the simplest bimolecular reaction involving a polyatomic, H + 3 + H 2 . H + 3 has long been known to be an important player in interstellar chemistry, helping to initiate the ion-molecule reactions responsible for forming polyatomic molecules in space, 4, 5 and is also a useful probe of astrophysical conditions. [6] [7] [8] The H + 3 + H 2 reaction has important implications for its use as an interstellar temperature probe, 9 and its deuterated variants are among the most important reactions involved in deuterium fractionation in the interstellar medium. While the deuterated forms of the H + 3 + H 2 reaction have been studied extensively in the laboratory, [11] [12] [13] [14] the purely hydrogenic system has not been as well-studied experimentally. When H 
These are defined as the identity (1), proton hop (2) , and hydrogen exchange (3) processes, with statistical weights 1, 3, and 6, respectively. Each is subject to nuclear spin selection rules, 15, 16 and consequently the ratio of their rates (α ≡ k H /k E , where k H and k E are the hop and exchange rate coefficients, respectively) can be inferred by observing the ortho:para ratio of H + 3 in hydrogenic plasmas of varying ortho:para H 2 ratio (more details will be given in Sec. IV). The lone experimental study of this reaction found α = 2.4 ± 0.6 in a ∼400 K hollow cathode plasma, 17 well above the statistical limit of α = 3/6 = 0.5. This is roughly consistent with a study of the D + 3 + H 2 system, 11 which found that α increased well above its statistical limit with increasing collision energy.
As a consequence of the dearth of experimental data available for this reaction, theoretical efforts have been limited. Full dimensional potential energy surfaces for H + 5 are available, 18, 19 but no quasiclassical trajectory calculations have been published to our knowledge. The only efforts at calculating rate coefficients for these processes have been microcanonical statistical calculations. 14, 20 Experimental measurements of the H + 3 + H 2 system, especially at low temperature, are necessary for validating these models and providing data against which future theoretical calculations can be judged. The structure of this paper is as follows. Section II describes the experimental approach for our study of this reaction. Section III presents the experimental results. The data are analyzed and discussed within the context of the modeling work presented in the previous article in this issue 21 will be used to refer to ortho-and para-H 2 and H 
II. EXPERIMENTAL DETAILS
The objective of this experiment is to spectroscopically measure transitions arising from several of the lowest-energy rotational levels of H + 3 in a plasma of a known ortho:para H 2 ratio. Doing so allows determination of the ortho:para H + 3 ratio, the plasma kinetic temperature, and the H Table I . This experiment has three main components: a p-H 2 production system, a hollow cathode plasma cell, and a mid-infrared spectrometer.
A. p-H 2 production
Normal hydrogen gas (n-H 2 , 25% p-H 2 ) is produced at a purity of 99.99999% by a hydrogen generator (Parker Balsten H2-1200). To produce > 99.9% p-H 2 , the n-H 2 from the generator is passed over an Fe 2 O 3 catalyst held at 15 K. Full details about this p-H 2 converter are given elsewhere. 24 Mixtures of 40%, 50%, 66%, and 83% p-H 2 are obtained by combining appropriate partial pressures of p-H 2 and n-H 2 in a 1 gallon cylinder, which is lined with Teflon to minimize back-conversion of p-H 2 to o-H 2 . The uncertainties on the p-H 2 fractions for these mixtures are 1.0%, 1.1%, 1.2%, and 1.4%, respectively.
B. Hollow cathode cell
A hollow cathode cell based on the design of Amano 25 was used to produce pulsed hydrogenic plasmas and is illustrated in Fig. 1 in. diameter glass tube. The water-cooled anode is situated in an extended glass tube above a 1 in. diameter hole located at the midpoint of the cathode. A pulsed electrical discharge is generated by applying a 200 μs, 1 kV pulse to the anode at ∼1 Hz while grounding the cathode. The current during the pulse is uniformly 1.25 A in nearly all cases, though subtle differences are observed under different cell temperature and pressure conditions (Fig. 2) .
At each end of the glass tube are stainless steel flanges with 1 in. apertures cut into the centers, sealed to the cell with silicone o-rings. Into these apertures, a glass section with tubing for sample introduction/evacuation is placed. The ends of these tubes are connected with Ultra-Torr fittings to metal pieces cut at Brewster's angle, and BaF 2 windows are epoxied to the ends. This allows a laser to pass unimpeded through the center of the hollow cathode. One of the two stainless steel flanges is connected to the inner coiled tubing to pass coolant into the vacuum cell. The cell is evacuated with a Welch pump (DuoSeal 1374, 10 L/s), and the cell pressure is monitored with a capacitance manometer.
C. Spectrometer
The plasma was probed by multipass direct absorption spectroscopy using a tunable difference frequency generation laser (DFG), which has been described previously. 27 The outputs of a 532 nm Nd:YVO 4 laser (Coherent Verdi V-10) and 622 nm tunable dye laser (Coherent 899-29, rhodamine   FIG. 2 . Current during the discharge pulse for the four main sets of conditions used in this study. The discharge is started at t ∼ 230 μs, and is cut off at t ∼ 430 μs. Details about the choice of conditions are discussed in Secs. III B 1 and III C 1. The negative current after the discharge pulse is an artifact of the current monitor setup, which sees the pulser box recharging.
FIG. 3.
A sample scan of the R(1,0) transition of H + 3 in a n-H 2 plasma produced by a liquid-nitrogen-cooled hollow cathode. The plot has been slightly modified for clarity by eliminating artifacts at the beginning and end of the discharge pulse resulting from electrical pickup. 640 dye) are combined in a MgO-doped periodically poled LiNbO 3 crystal, producing ∼500 μW of tunable radiation around 2800 cm −1 . The DFG light was sent through the hollow cathode in a White-type multipass configuration, collected with a dc InSb detector, and the resultant signal stored on a computer for analysis. The InSb signal was ratioed with the signal from a silicon photodiode monitoring the dye laser to remove pump laser amplitude noise.
D. Analysis procedure
When a discharge pulse occurred, the InSb detector signal was recorded and split into two 750 μs intervals: a signal interval centered around the pulse, and a pretrigger interval for recording the background laser intensity. The latter interval was averaged over time, and the former binned and averaged into 150 5 μs intervals. Each of these was used to calculate a time-dependent absorbance signal: − ln(I /I 0 ), where I is the average laser intensity in the bin, and I 0 is the averaged background laser intensity. The binned absorbances were averaged over ten consecutive discharge pulses, and the laser was then stepped by ∼0.002 cm −1 . This process was repeated until the absorption line was fully scanned, yielding a three-dimensional data set representing the spectrum as a function of time during the discharge pulse. Each transition was recorded three times for each set of conditions. A sample scan over a single transition is shown in Fig. 3 .
The spectrum at each point in time for each individual scan is then fit to a Gaussian function to determine the inegrated intensity and linewidth as a function of time. For each transition, the integrated intensity and inferred kinetic temperature (as determined from the measured linewidth) over time are averaged over the three scans, and the standard deviation of each quantity used as an estimate of the uncertainty. The plasma kinetic temperature is inferred from the average of all scans, and the rotational temperature is inferred from the relative intensities of the R (1, 1) u and R(2,1) u transitions (the reasons for this are explained in Sec. III A).
As will be seen in Sec. IV, it is most convenient to express the ortho:para ratio of H 
III. EXPERIMENTAL RESULTS
In this section, the results of a series of experimental measurements aimed at determining the value of α as a function of temperature are presented. First, we show measurements pertaining to the rotational thermalization of H + 3 in the hollow cathode plasma. We then present parallel sections detailing measurements when the cell is uncooled, and when it is cooled with liquid nitrogen. Within each of these sections, measurements of the pressure dependence of the plasma chemistry and measurements of p 3 as a function of the p-H 2 fraction ( p 2 ) at two different pressures are shown.
A. Thermalization measurements
To assess the degree of thermalization of the rotational levels of H calculation of p 3 , all eight transitions listed in Table I were recorded in an uncooled p-H 2 plasma. A time slice of the data at 300 μs was taken and was subjected to a Boltzmann analysis, shown in Fig. 5 . The kinetic temperature for this data set was found to be 319 ± 33 K, in good agreement with the inferred rotational temperatures for ortho (336 ± 19 K) and para (316 ± 1 K) H 
B. Uncooled measurements 1. Pressure dependence
As the goal of this work is to measure the hop:exchange ratio α in the reaction of H + 3 with H 2 , it is important to evaluate to what extent three-body collisions (H + 3 + 2H 2 ) may influence the experimental measurements. As a first-order assessment, the intensity of the R(1,0) transition was recorded as a function of cell pressure in a n-H 2 plasma. Because p 3 , and temperature do not change greatly with changing pressure in a n-H 2 plasma (see Sec. III B 2), this measurement serves as a proxy for the H + 3 number density in the cell. The measurements are shown in Fig. 6 . The R(1,0) transition intensity initially increases with pressure, owing to the decreasing electron mobility (and therefore increasing charge density) with increasing cell pressure at constant electric current. However, at ∼1000 mTorr, the trend begins to reverse, and the transition intensity decreases. Because the electron mobility should decrease monotonically with increasing pressure, the total ion density (equal to the electron density) must still be increasing, and therefore H + 3 must be consumed by a chemical process leading to the formation of another stable ion. While not absolutely conclusive, it is likely that the reaction H 32, 33 and this indicates that three-body effects may be present at some pressures.
In light of the pressure dependence observed in Fig. 6 , measurements to determine the value of α are taken at two pressures. The lower pressure (560 mTorr) is chosen to be on the rising edge of the pressure curve, where it is likely that H + 3 is the dominant ionic species in the plasma. The higher pressure (1430 mTorr) is chosen on the falling edge, where it is suspected that three-body collisions are occurring. A comparison of these data will assist in estimating the influence of three-body effects on the determination of α.
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The R (1, 1) u , R(1,0), R(2,2) l , and R(2,1) u transitions of H + 3 were recorded to determine the value of p 3 in plasmas with known p 2 . For n-H 2 ( p 2 = 0.25), the hydrogen gas was used continuously from the hydrogen generator, and for p 2 = 0.999, gas was used continuously from the p-H 2 converter. All other mixtures were prepared in advance. Measurements at both pressures (560 mTorr and 1430 mTorr) were performed in succession on the same day with the same gas mixture.
The observed transition intensities, inferred temperatures and p 3 values are presented in Table II , and p 3 is plotted as a function of p 2 in Fig. 7 . Differences between the inferred values of p 3 between the two pressures are minor. The cell pressure does not seem to affect the p 3 vs p 2 distribution to any significant degree despite the pressure dependence seen in Fig. 6 . The inferred temperatures are plotted in Fig. 8 . As mentioned in Sec. II D, the rotational temperatures reported in Table II are derived from the relative intensities of the R(1,1) u and R (2, 1) u transitions. The quantity T (2, 2) in the plots is the inferred rotational temperature inferred from the R(1,1) u and R (2, 2) l transitions, and it is consistently lower than the kinetic and rotational temperatures. This is due to the underpopulation of the (2,2) level alluded to in Fig. 5 . The variance weighted means of T kin , T rot , and T (2, 2) are (351 ± 10) K, (310 ± 8) K, and (187 ± 5) K respectively for the low pressure data, and (336 ± 8) K, (320 ± 6) K, and (259 ± 5) K for the data set at 1430 mTorr.
C. Liquid-nitrogen-cooled "low temperature" measurements
Pressure dependence
The same experiment described in Sec. III B 1 for the uncooled plasma was carried out in a liquid-nitrogen-cooled n-H 2 plasma. The results are qualitatively similar to the hightemperature data, albeit shifted toward lower pressures, and are plotted in Fig. 9 . The kinetic temperature was determined to be (128 ± 11) K for this data set. For the same purposes described earlier, a lower pressure of 270 mTorr and a higher pressure of 430 mTorr were chosen for the p 3 vs p 2 measurements.
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Experiments analogous to those described in Sec. III B 2 were performed in a liquid-nitrogen-cooled hollow cathode. The results are summarized in Table III , and plotted in Fig. 10 . At the lower temperature, there is a noticeable difference between the 270 and 430 mTorr data sets. In particular, the data point at p 2 = 0.999 is significantly higher than the corresponding point at low pressure, although the remainder of the data points are quite similar. The inferred temperatures are plotted in Fig. 11 . While T kin remains constant with increasing p 2 , T rot and T (2, 2) markedly decrease, with the latter generally being lower. The variance-weighted mean of the kinetic temperature is (139 ± 4) K for the 270 mTorr data set, and (136 ± 5) K for the 430 mTorr set.
IV. ANALYSIS AND DISCUSSION
A. Steady state modeling
In order to extract the value of α from the experimental data, we have constructed steady state models that calculate p 3 as a function of p 2 and α. The full details of these models are presented in the previous article in this issue, 21 and the results are briefly summarized here. The key assumption in these models is that the ortho:para ratio of H + 3 in the hollow cathode plasma is predominantly determined by the reaction of H + 3 with H 2 . As a check of this assumption, we estimate the number of H + 3 -H 2 collisions that occur prior to destruction of H + 3 by electron recombination (ambipolar diffusion is not a significant loss mechanism in a hydrogenic hollow cathode plasma 28 ). In the uncooled n-H 2 plasma at 570 mTorr, we observe an H + 3 ion density of ∼ 2 × 10 12 cm −3 with H 2 number density ∼ 1.5 × 10 16 cm −3 . Because H + 3 is the dominant ion at this pressure, the electron density is also ∼ 2 × 10 12 cm −3 . The majority of these electrons are expected to be so-called "ultimate electrons," with a temperature on the order of 5000 K. 29, 30 Using the H + 3 electron recombination rate coefficient temperature scaling from storage ring measurements, 31 we estimate a dissociative recombination rate coefficient of ∼ 1 × 10 −8 cm 3 s −1 , and the rate coefficient for the H + 3 + H 2 reaction is assumed to be the Langevin rate of ∼ 2 × 10 −9 cm 3 s −1 . Using these rate coefficients and densities, a single H + 3 ion is expected to experience around 750 collisions with H 2 prior to its destruction by electron dissociative recombination. As steady state is expected to be reached in fewer than ten collisions, 21 this assumption should be valid.
For the uncooled plasma, we make a further assumption that the outcomes of the hop and exchange reactions are determined entirely by nuclear spin branching fractions. 16 This assumption is valid so long as sufficient energy is available (13) 98 (3) 0.741 (1) for many reactant and product states to be populated. The result, which we shall refer to as the "high temperature model," is 
At the lower temperatures of the liquid-nitrogen-cooled plasma, energetic considerations may inhibit some reaction channels. For instance, conversion of p-H 2 to o-H 2 requires E/k B = 170 K of energy, and so such processes might be expected to proceed more slowly in a colder plasma. In order to take this into account, a different derivation is employed, and Eq. (6) (the "low temperature model") results. In this equation, the rate coefficients k i jkl represent the rates of reactions of the form i-H
. The rate coefficients are dependent on T kin , T rot , and the branching fractions for the identity, proton hop, and hydrogen exchange reactions (S id , S hop , and S exch , where α ≡ S hop /S exch ), and they are calculated using a microcanonical statistical model. 20 Inclusion of three-body effects into this model is unfeasible owing to large numbers of unknown rate coefficients.
B. Uncooled plasma
By comparing the results of the high pressure and low pressure measurements in the context of Eqs. (4) and (5), the extent to which three-body collisions affect the determination of α can be assessed. The three-body high temperature model (Eq. (5)) reveals that for a given α 2 , any three-body effects will cause the slope of a plot of p 3 low (see Fig. 2 from previous article  21 ) . Therefore, if threebody effects are important, then a fit to the high temperature model (Eq. (4)) will underestimate α.
The term 2 in the three-body high temperature model becomes smaller as the H 2 number density increases. If threebody proton-scrambling processes are important, a p 3 vs p 2 plot should give a shallower slope for measurements taken at a higher cell pressure (at the same temperature) compared to a lower pressure. As can be seen in Fig. 7 , this was not observed in our data sets. We conclude that while there is evidence for H + 5 formation in the cell, and therefore three-body collisions, these processes do not exhibit significant nuclear spin dependence under our experimental conditions, and therefore do not influence the value of α inferred from measurements in our uncooled plasma.
The data from the uncooled plasma are plotted in Fig. 12 along with fits to the high temperature model. The high pressure data fit reasonably well to the model, but the low pressure data are consistently below the model fit, especially at low p 2 . This discrepancy is not due to three-body effects, but appears similar to curves produced by the low temperature model (Eq. (6)). It is possible that even at a temperature of ∼ 350 K, energetic effects may still restrict some of the possible reaction channels. Another possibility is that significant variation in state-to-state reaction cross sections causes the use of nuclear spin statistical weights to be inaccurate. Nevertheless, the data set at 560 mTorr gives α = 1.58, and the set at 1430 mTorr gives α = 1.69. We regard these as being within the overall experimental uncertainty, although the uncertainty in the fits are only 0.02 and 0.03, respectively.
Cordonnier et al. 17 performed a similar measurement in a pulsed hollow cathode plasma. They measured the ratio of the transition intensities of the R(1,0) and R (1, 1) u transitions in n-H 2 and p-H 2 plasmas at a pressure of 1.85 Torr and temperature of ∼ 400 K. Using a detailed chemical model of their plasma together with their measurements ( p 3 = 0.893 at p 2 = 0.999), they derived α = 2.4, with an uncertainty of at least 0.6. As validation, inserting their results into Eq. (4) gives α = 2.46.
An issue discussed in their work is the back-conversion of p-H 2 to o-H 2 in their plasma over the course of a discharge pulse. This is illustrated in their Fig. 2 . For comparison, our results are plotted in a similar format in Fig. 13 . The time dependence of our signals most closely resembles theirs for the 1430 mTorr data set. Note the relatively slow rise of H + 3 absorption, and the slight increase in the R(1,0) inegrated intensity over time in the p-H 2 measurement at 1430 mTorr. This effect is not observed in the 560 mTorr data set. We suspect that the higher ion density in the 1430 mTorr data set results in more H atom recombination on the walls of the cathode, which forms H 2 in the "normal" 3:1 ortho:para ratio in quantities large enough to significantly affect the overall p-H 2 fraction. The higher pressure and discharge current (2.8 A) reported by Cordonnier et al. likely caused more backconversion in their experiment than in ours. For our calculation of α, we have chosen data points early on in the discharge pulse when these effects are minimal.
Our derived values for α around 1.6 fall just below the lower limit of the estimated uncertainty of the results of Cor- donnier et al. Our temperature of ∼ 350 K is lower than theirs, and a decrease of α with temperature is in line with expectations from statistical arguments. The value of α inferred from measurements of the D + 3 + H 2 isotopic system by Gerlich 11 is ∼ 1.6 at a collision energy of ∼ 44 meV, which corresponds roughly to a temperature T = (2/3)(E/k B ) = 340 K, in excellent agreement with our results.
C. Liquid-nitrogen-cooled plasma
Unlike the case of high temperature, with our current models we are unable to make predictions about the change in a plot of p 3 vs p 2 with pressure (hence, three-body interactions) at low temperature. It has been observed that the rates of ternary association reactions leading to the formation of H + 2n+1 clusters increase with decreasing temperature. 32, 33 However, it is unclear whether this process is dependent on the nuclear spin configuration of H + 3 . It is, however, dependent on the nuclear spin of H 2 ; the rate coefficient for ternary association of H + 3 with p-H 2 at 10 K is over an order of magnitude faster than with n-H 2 . 33 This may account for the differences in the time traces in the lowest pair of plots in Fig. 13 . At both pressures, the temperatures plotted in Fig. 11 suggest that higher energy levels of p-H To model the p 3 vs p 2 curves, rate coefficients k i jkl were calculated with S id = 0.1 (the statistical value), α = {0, 0.1, 0.5, 2, 10, ∞}, T kin =135 K, and T rot ={85−145} K in steps of 15 K. Several of these curves are plotted along with the experimental results for comparison in Fig. 14 . For the data set at 270 mTorr, the data agree well with rate coefficients calculated with α = 0.5, no matter the rotational temperature used. Because the apparent rotational temperature decreases with increasing p 2 , the most appropriate comparison would involve multiple low temperature model curves, but these only differ by a small amount. A more important effect is the change of the shape in the p 3 vs p 2 curve as a function of α (Fig. 14, lower panel) .
The higher pressure data do not fit as well with the calculated curves. This might be due to a greater influence of nuclear-spin-dependent three-body processes not taken into account by our model. As mentioned before, H + 5 formation has been observed to be faster in a p-H 2 plasma, and this may have some effect on the p-H + 3 fraction at high pressure and high p-H 2 fraction. Because of the uncertainties here, we do not attempt to express a value of α for the 430 mTorr data set. We conclude that in our 139 ± 4 K plasma, the value of α is 0.5 ± 0.1. This suggests that even at this relatively modest temperature, the (H + 5 )* collision complex has a lifetime sufficient to allow for full scrambling.
Recently, Crabtree et al. have used a modified version of the low-temperature model to study the ortho:para ratio of H + 3 in diffuse molecular clouds. 9 While their usage of the model includes some parameters related to interstellar chemistry, they found that their best match to astronomical observations required the value of S id to be large, on the order of 0.9. To see if this value is consistent with our data, we have calculated rate coefficients for S id = 0.9, T kin = 135 K, T rot = 85 K, and a range of α values. The results are plotted in Fig. 15 . Each of the curves is shifted upwards slightly at higher p 2 relative to the corresponding curve in Fig. 14  (lower) , but the curve at α = 0.5 still agrees with the data reasonably well. It is possible that a lower value of α would provide a more optimal agreement, but this difference is likely within our total experimental uncertainty. It is not surprising that changing the value of S id by such a large amount has a relatively small influence on the calculated p 3 values. This is because all of the rate coefficients in the low temperature model are reactive rate coefficients (i.e., none of them involve FIG. 16 . Summary of all experimental data and the best estimates for α for each temperature. Also shown for reference are high temperature model traces for α = {0, 0.5, ∞}.
the identity pathway). The effect of increasing S id is essentially just to scale all of the rate coefficients down by a roughly constant factor.
Comparison of the liquid nitrogen cooled data with the uncooled data indicate that, as observed in the D + 3 + H 2 system, 11 α decreases with temperature, as illustrated in Fig. 16 . Even without the use of models, the decrease in α is evident by looking at the p-H to be formed is via the exchange process. Therefore, the decrease in p 3 at p 2 ∼ 1 from high temperature to low temperature suggests that the exchange reaction becomes more dominant.
To further confirm this trend, we used a fluid circulator to pass heated ethylene glycol at 100
• C through the cathode. We then performed measurements of the R(1,0), R (1, 1) u , R (2, 2) l , and R(2,1) u transitions in a 99.9% p-H 2 plasma at 560 mTorr. The kinetic temperature obtained was 450 ± 75 K, and the inferred p 3 value was 0.883 ± 0.007, corresponding to α = 2.2 ± 0.3. While this measurement is only at one value of p 2 , the p 3 value is significantly higher than the corresponding value in the 350 K plasma, which is consistent with a higher hop:exchange ratio at higher temperature.
V. CONCLUSIONS
We have studied the nuclear spin dependence of the reaction of H + 3 with H 2 by monitoring the populations of the four lowest rotational levels of H + 3 formed in plasmas of varying p-H 2 enrichment. For the first time, this reaction has been studied at low temperature by cooling a hollow cathode discharge cell, resulting in a plasma temperature of 135 K. Using steady-state chemical models, the ratio of the rates of the proton hop and hydrogen exchange reactions (α) has been inferred at two different temperatures: 1.6 ± 0.1 at 350 K, and 0.5 ± 0.1 at 135 K. These values can be compared favorably with previous studies of this reaction at ∼400 K (α = 2.4 ± 0.6), 17 preliminary measurements at 450 K (α = 2.2 ± 0.3), and measurements of the analogous D + 3 + H 2 system.
11
In spite of the good agreement between the experimental data and steady state models, some of the results hint at a greater level of complexity than treated here. The (2,2) level of p-H + 3 is consistently underpopulated relative to the kinetic temperature of the gas in our plasmas, and the rotational temperature of H + 3 decreases with increasing p-H 2 fraction in our liquid nitrogen cooled cell. It is unclear whether the origin of these effects is ternary association reactions to form H + 5 , or state-to-state processes not accounted for in our models.
To remove any ambiguity in these results, it will be necessary to perform similar measurements in the carefullycontrolled conditions of an ion trap. In such an environment, the gas density can be kept low enough to preclude threebody processes, and the temperature can be lowered beyond the 135 K achieved in this work. Fully quantum reactive scattering calculations on the H + 5 potential energy surface, combined with our results and ion trap measurements, would help greatly in furthering our understanding of this fundamental process.
ACKNOWLEDGMENTS
The authors would like to thank Takayoshi Amano for providing designs and helpful suggestions for the hollow cathode cell used in this work. We thank Kisam Park for providing a computer program for calculating the rate coefficients used in our low temperature model. This work was supported by NSF PHY 08-55633.
